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-_ ABSTRACT

' An aluminum pedestal type calorimeter was u_ed to measure nuclear

I heat generation rates in HT-I (Horizontal Through Hole No. i) of the

, Plum'Brook Reactor Facility. The nuclear heating rate on the HT-I axis

) at the nore North-South vertical midplLne averaged 3.73 watts/ginover

the eight days that,it was measured _Ath a maximum of 3.78 watts/gin,

[ when the reactor control rod bank position was near 23 inches. The

nuclear,heatin_,measurement at this location is shown to be accurate

,_, to *,7.5_a_tthe 95% confidence level.
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1.0 I_RODUCTION

• !

"-_ { Materials and instrument transducers a_e to be irradiated at

f-_' I cryogenic temperatures in a teat capsule (Figure I) in the Plum Brook !

L, Reactor Facility in support of the N_VA (Nuclear Engine for Rocket i
,. (. Vehicle Application) progra=. It is important to duplicate, _ith a

high level of confidence, both the fast neutron flux and the nuclear

. radiation heating that these transducers experience in NERVA environ-

i. _nts. The current prsdtction of radiation heating in this test. region
i| accurate to _+2A_at the 95_ confidence limit (Reference i0). A

i knowledge of the radiation heating should be more accurate than this to

provide the opti=um relationship between test program and definition of

• ! limits for application. These =eamurmaents make use of aluminum

i cylindrical calorimeters| the basic design wee _reviously used
t

successfully (R_ferencee i-3).

I The calorAaeter mhmwn in Figure 2 consisting of three aluminum

cyllndera _as use_ to measure nuclear heating rates on nine different

1 days In the 65-P cycle along the HT-I a_ls and along the line perpen-

: [i d_cular to the core vertical surface intersecting the _'-i axim as r
eh_ in Pigure 1.

[
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2.0 SUMMARY

+':. "' Averagevaluesof nuclearheatingrate at the core North-South

+ verticalmldplaneare &.?&, 3.73, and 3.12watts/ginfor the near,

,_ _ middle,and far calorimetercy!in_ere,respectivelyat 60 MH reactor

power. The mldd_e cylinderis on the HT-I axis,while the near and

£ar cylindersare 2.5 inchestowardand away from the core, respectively.

Maximumvaluesof the above heatingrates at 60 MW are 5.00,3.78, and

3.1_ watts/ginfor the near, middle,and far calorimetercylinders,

I
o ,:: reepoct.lvel_.This maximumpoint occumaat appro_L_tely the 23 inch

rod bank position. The accuracyof thesemeasurementsof heatingrate

in parealu=Anuaare _+6.2,+_7.5,and +8.1_at the full-inpositionfor

_ the near,middle,and far cylindersprespectively,at the QS_ ,..onfldence

level, The full-lnpositionIs definedan the calorimeterpositionwhen
_- the centero£ the alu=Anu=cylindersare in the core North-Southvertical

mAdplane. Plots of nuclearheatingrate as a functionof dletancealong

the IR-iaxis, distancealong the ax4e perpendlcu/arto the core vertical

eurface,and rod bank positionare given in Figuxe,-7-12. A plot of

: calorimeteraccuracyas • functionot heat.IJ_rate Is given in Piguze 6,

, The accuracyot all meaeurementobetnen 0 and l&.5 inches from full-in

Is +lO_ or betterat the 95¢ confidencelevel.

: °_
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• ,'_ 3.0 DESCRIPTION OF CALORIMETER AND EXPERIMENT

i 3.1 C_loriae_,,er Deacr.iption

_ The c,-lor_aneter ueed for these nuclear heating _auramente coneiete

of 3 aluminum c711_ere (99.995% pure) aa shown in Figure 2. One end o_

each cylinder ie connected to a c:ver pla_e, the right aide of _Lch ie

maintained near cooling water temperature. The re_tnir_ surfaces of

', each cylinder are exposed to air at 1 mn of _ pressure maintained inside

! the calorimeter container. The outer surface of the cover plate and

i! calorimeter container are cooled with noeLtnal 65 gpm, 130°F Plus Brook

: Reactor cooling water, which is directed past the assen_ly by a shroud.
/

Am a oteady orate gala heating takes place in the cylinders, they
i

i develop a steady state teRperaturo distribution with the hottest point -!_

at the end of the cylinder inside the container and the coldest point :_

i
toward the wetted surface of the cover plate.

°I The nuclear heating rate is a function oi' cTli,'KLer _T 1assured

by _ chroael-alumel thez_ocouplee attached to each cTlinder am shown

in Figure 2 with the theraocouple identification number. The midpoint

between the two sets o_ ther_ocouplee is located at the core North-

"_ South vortical midplane, when the W2-3 capsule is inserted to the

L_All-lnpoeitlon. The calorAaeter assembly, which includes the

cyJindere, ther_ocouplee, cover plate, _ container, was demised

and fabricated by the Idaho _ucle.r Corporation (References i-_).
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More detail on the calorimeter assembly is found in Idaho Nuclear !

Corporation Drawings, Reference 4. ,Moredetail on the shroud and "

"_ W2-3 capsule designed and fabricated by Westinghouse Aetronuclear o

• Laboratory is found in Reference 5. ,_

3.2 Description of Test

The objective is to define the nuclear heating spatial distri-

.....: bution in HT-I where experimental assemblies will be irradiated. This ,

: is shown in Figure i. Specimens will usually be near the core North-

.... South vertical mldplane. The W2-3 capsule can be moved to any position

between full-in and completely withdrawn. The spatial heating

distribution was obtained along the HT-I axis by taking measurements

at the following distances from the full-in position: O, I, 3, 5, •

8.5, 12, 13, 13.5, 14, 14.5, 15, 15.5, 16, 18, 20, 25, 30, &Oj and &5

inches from the full-in position, the density of points increasing

near 13.5 iuchee, the core boundary. The spatial heating distribution

was obtained along a horisontal line perpendicular to the core vertical

surface and intersecting the HT-I axis by the use of three alumin,Am

cyllndere each separated by 2.5 inches in the horizontal plane containing

the _R-I axis. The above measurements were made on nine different days "

_!_ in the 65-P cycle, recording data described in Section &.O in eac_ case.

IJ
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• 3,2 (Cont'd)

',, The contribution of background radiation to total nuclear heating was

determined by inserting the calorimeter aeseRbly to the f_ll-in position

• . after shutdown.

I

o

! , ......
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" '_: g.O DATA ACQUISITION

, t_/ The data obtained in this expe_Ament at each calorimeter poeition

' along the HT-I axis are: date, time, reactorpower (DM),time integrated "_
_ power (_), c:reinlet and out.'..... temperatures,ehlm rod bank positions, i

_,, regulator rod poeitione, temperatures of the 12 calorimeter thermocouples, i_the average temperature of each of the 12 calorimeter thermocouple3 during i

: the periodthe calorimeterremainedin a given position,the etandard -)_!i

" _, deviation of each calorimeter thermocouple temperature, the temperature ii!i

of the calorimetercontainer,HT-I water flow,the calorimetercontaine_ '!
air pressure, and the calorimeter dietance from f_ll-in poeition. The i

:i!!
._,.N_ PBRF7rperimen'_Data LoggerAcquisitionSystem (EDLAS)recordedall the .:..,)

above data except the calorimeter container air pree_ure, one of the ::
j

"_: four calorimeter container thermocouplee, and the calorimeter distance .}.,i,

from f_ll-inpoeition. Theee threeparameterswere recordedin the _:
_.

Experiment Control Room (XCR), however. ';:,=

The data logger (EDLAS)prints out data once every _-dnute or on :_

demand. Typicaldata loggerprintoutis eho_ in APPENDIXA foe each

calorimeterpositionon September13, 1967. The first columnon the

_: leftIs the date; the fourthcolumnfrom the left (neglectingthe

columncontainingBA and that containingT) le the time;the fifth

• and eixth columns from the left conte.in the time integrated power and

the power,respectively.These columnsare numbered29 and 30 as

o



BLANKPAGEo



.°

.... Astronuclear. Laboratory
• WANL-TME-1710 "'
, November_ 1967

o

&,O (Cont'd)
o.

indicat.ed :_y the number directly above the column. The columms to the

right o£ these are numbered 32 throush 85 as ehown. Directly above the
t,

: colum_ number is a description of the parameter in that column and in

..... some cases an indication of where the decimal point ie to be placed. ..

For example, 10-2 means multiply the value in that colum_ by 10-2 or

, put the decimal point two places to the ]eft. If there Is no such "

indication in the column headins, the decimal point le i==_ediatelyto

the right of the last digit on the right. There is one _,xceptionto

this in column 61, HT-I flow. Here the value should be multiplied ,

by i0"I. Table 1 gives an explanation of each column with units. It

....° : should be noted that column 59, HT-I inlet tempera_oure,is really }{T-I

outlet temperature and column 60, F_-I outlet temperature is really "

_-i inlet temperature. A re, ie skipped between the data associated

with each calor_eter position.
o a

<,, The followin_ data ware taken _v Plum Brook WANL Test Operations

i.... personnel at each calorimeter position: reactor power, control rod

,> bank position, calorimeter container air presb_re, date, time,
! 4

calorlaeter distance from full=i, position, _-i flow and temperatures,

and one themmocou_le on the calorimeter container. The calorimeter ][

position (distance from _ll-ln) was recorded beside the _p_llcable

data log_er printout. I

!

i • - . _ ' o "° _ °1"- -
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c.i (;_r,''d)

"ode 2001 is _ bo'._dary no4e that has the t_,F4r_'.ure of the inalde

w_ll of "he calorL,_eter con'ainer (.'i(Tures2 and 3). ?lode 2002 is z

boundary node that hae the bulk tempor.ture o£ I'lum Drook reactor coolin_

w_ter ?aeilnrt.hrourh_'-.-iand incident_,nthe fineand cover plate. A11

_, no_e| ._rm riven c:,'iind_Icllm:_mtr7 with *.hea_m o£ the center calorlmeter,

•"hum, nodem I-I_., 21, and 50 ar_ cyILnderm, wrilm nodem 32-h2_ 51-62j 71,

?], ?5, N,nd"" a,'ee_'tlndrical mhell|, ;_odom 7_ ?._.7',,and 7"_ reprement

_he £$n|, wh%ch _._enn* in revelry eyIir_rleal mheIl| _t rl,d.r_.a_ee,

'ode _ in a ; -_il 'hick air eTwLce .n reprelen_ an Interface between the

end of 'he caln-i_e'er r.,,llr_lerand _he bn_tn_ of _he ,_ole in the cover

"._ p_a'e where _,he r.,,_In_e-i| inmerte_, The dlme_ai.,na ,.reach n_e are

ri','.nSt, .':. I!, "'aeee are r_zn £nr 7, A, _, 3, _, .r_ 0 ) W_,l/gr_

_, n_,ta[n i -ela'ton|hlr Fe_ween heat _enera_ion ra'_e ar.'l i_T a_r_o| *.he

e,:_rl._,e','r,whi.F i| 'he dlrre:..nee between nrale h and new_e 10 tmferMurem,

,'he Inru' "_ "_' rnr .ach caee tenet|+ m nr e_ectryln_, a heat

toners'Ion -a'. r_' _,'h interne! nr_e, f[_ hn,,_w_aryte_peraturel for

'Fe ,l_.in,_ .r_1 _i' (nnde ,_'), r,._Imdlmenmlnne wi'h realle'i_ lev"_e,he

_r._ _ree| fnr _em, "-_n|fer, he_, _ranmfer _neffi_i,_ntn f,,r-a_i_ti,_n i

L_ "

f_

|,
1

' IIi

_"_ _
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. the mile for ill lntorr_l nodom except node 21 (ltllch h6m oleo_l&Z_7 no

! holt _onoratton rite), tikoe on v&lUel oF ?, 6, 2, ), lm or O,2 wlt.t;l/irll

*" dml_mdinl_ on which clio 1o betnll r_ul. I_:_o 21 $e liven were heat

Rqmerlt4on tirol be¢lule _,ho _p_t I_o TO_ $0 Ln BTU/hr-tJ_)m _ *_he e_r

) denitt 7 $o I_ n_ch mller thin _.he 11_ deniL_7 Chit. the volumetric

holt rlmeratlon rate _n a_r LI ne_lLlLble, TJ1retLlt¥, the hett

_.lHlllr_9_rm rill _1 not k_fOrlli thrgwKho_t the liter1&1 _ thlI _JS_

n_lolo end olch node Ihould have I_1 lrld!vld_L.l hoatllNI rate, Thlo

uncortiLnt 7 _0 oc¢o_lLod For _n the Ic¢1_raa 7 i_141_110 (_eForonol 13)

C for the e71Lndor ltmelf. The above oll ell|el ire _ for Nob of four

different node 2002 tmriturem: 320_ 122, l)O0 amd 1350F In order to

prn_,%de a reletLonli|lp between heat leneratton rlte lad _T For all HT-1

_ _nle_ tempera' vrem ImperLeneod dur_n# etlorJJ_eLer hilton41 rite Iklleuro-
_.

menlo, );ode 2001 tmmperst'_;.e , which i0 oleo mixed thro_q_h_|t_ liven

.amm, ie _he temMroture or bulk emil/n41rater (2002) plum the film

rime plum .he /_iTicro_m the 0,2M15 Inch th1:k e__lorLmmteroontctner

wall, T;_O01 " TAD02 ' k,)IH,

Wl_ere )( Lo the holt RonerltLon rite (_lLto/ilrlll),

k,l| 10 the preportionllit7 helicon AT (fLlm) * _T (tell)

_nd holt ReherotLml rlte,
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5.1 (Cont'd)

(rill o,/h,

q " (6.13 x IO3)H = BTU/hr-ft 2 of heat flux coming out of the

fo___ calorimeter container,

h = 1750 BTU/hr-f_2-°F,

0 - (2.61 x I05)H - BTU/hr-ft3,

k - 5.50 x 10"A ft 2,

au_ k - thermal conductivity = 89.5 BTU/hr-ft-°F.

The therlal conductivit¥ of pure aluminum el riven in Table III and is

taken from Reference 7. The thermal conductivity of air is alaUmod to

be conltant at O.0157 BTU/hr-fL-'F. Heat trazll_er by radiation from

nodee 1-12 to the calorimeter container wall is _xccomplioht_ with the

Steran-h_it_n r_dl&tlon law ueln_, in eetlnivity of O.J (.qeferenca 8,

T_hle k-23, I', &72), Thil yieldl a radiation heat tran|fer coerflcilm_

that. cLn he rut into T_ _, The free convection heat trlnefer coefflcien_,

h, t.edae_.ri_e heat loam from nodem 1-12 h7 free convection la taken

rr.__Adm (r!ererence_),,_.la_ion(_-6a):

_..%erek 10 the therm! corwJt,_tivit),of +.heair (PT,,_r-r+-'P),

}o il +he _ltntdl diime+er of _he oelorimet.ar cylinder (f+),

...... .;._ _:: : .. , , • ,, . IIIIIII I /II
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_1l the air donlit. 7 (lba/ft3),

g .1.1 the tote!arC.ion of |raytty (h,l? x 108 ft/hr2),

ta t_ coefficient, of voluaotri= expm_Jion (op-1)j

_t. tl the temper&tufa difference (OF) between the ¢71_dldlr

lurf&ce _ld the bulk &tr_

LL tm the vilcoltt. 7 of the &tr {lb|/hr-ft)_

cp t| the apoctfl¢ heat. of _.he _tr (lr1_/lb.-.r),

9.he lublcrtpt, f, £nmpliel film proport.:r,

The. &tr prenure in the etlort_t.er cent&trier _a mmint.tinod it. 1 nunof

l+l_4_(_1i. A forced ¢onvactton hut t,ramlfer coefficient,, him. of ]7_0

I_J/_r-ft2-'F _a um_l for the ¢¥11ndrictl m_rftcoe anoctat_L vlth

no<lea h2 and 62 (I.r_ul_r rapLlon). Thil coeffl¢lent wal obttlnod from

am oquatAon uaed by Hcttrtde (Reference 9):

(",,.I:
vhex,a De" d+-dI - (?.O00_.6;e+) 1/12 - .0)_++ f+.,

k " O.J?k B"PU/I'IP-/_.,-'F,

"_o" ,_o D/_ " _o,5_o. - (s.u. ft/a,o)(.o312s rt)(+l.+ lba/f+3)/

(3._ x lo-4 lba/ft-oR)

_oamd on t fl_ of 6).7 IulnR0

tnd Ptpr m 3.27.
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5.1 (Cent'•)
L

A £I_ hl_t transfer coe£flcllnt in the vicinity o£ 'he fins warn taken

to be 500 _'/hr-£t2-'F b&|_ on th!, see iMluatlon,uain_ _ [e 0£ '
l)*

O.OZ04 £t2 _ a velocityof aprroxlm_IteIyi f*/mec. Then the £11m

'_::_ h_t tr_lfer ¢oeffLcLentm for thm m_rf&cem zmmoci&t_ _,h modem ;,

_'; _8-61 Ire I_mply cho|en to be 600, ?(IX), ROO, 900, a/ld lOOk) :r_'/°hr-ft2-rF+
k.

_r, reepectively, _l the velocSt.v :LI incrl4lirk_ with the r_dLue (1}£ Qh • cov I r

plat e,

Tl_e outl_ oT _12 I_LvoI the |'eldy mtatm tmmFer:tuz'e dl|Irihutl_m

for the [ntmrnal and murt'_ce n_ml. There _re a *ot:_ of 2A0out_'_t

clLIo,: ?, 6, 5, l, I, end 0,2 wmttn/_re mt emch of four :'-I coolin,-

_ter bulk ,ll_plrmturel of l;;_O, 125, I)0, _ 1)_?', Thele tlr, Ferm'ure

dlmtribui.lone yield _ rel_tlonmhLT helwe_In nt,_',_r h,ea+inr r,_+_ (w_''a/

Wry) end e,lorlmeter /_T ('") z| _ function _f nuclear hem'_n£ r_te

I,,
!.. _, for • fm_ily of four diTferer_t _'Ui]_ e.olinr w,t_r +rnp,,'mlurem. Thim

j is riv,n In Ta_-leI','.
m

5,;t _,o_l_J,Z. I r_oArua.,t__oL._J.ucejar•

.. The pr_b!_ of eal_.ul_tinr n_elear he•tint r,_'e (w_'+|/_r_) trot, :

the raw da'• for e•ch e_Iorime_er pc)aitlon ,,nemch, d_7 +.)_t mean.jre_entm

• were take_ invo!.,.emn_eroum calculation| by hand, _,e_p_'er r-orra_,

ee

to reduce +hli da'a 1o _Iv_ in "Fl?.'2 I '¢ *; 'h* r_'z_e¢! d_t._ el fiYen
k. i

! ,(
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5.2 (to.i'd)

if:
Each ';hermoc_uy,le wal individually calibrated by the Xdaho h_aclear

i Corpora%ion. Then _.allbra*._oncurvee (in de|reee C) are given in the

|_ DeaA&n Data Package, Re£erence 9. But the Plua Brook data logger printe

J mat %home %e_raturea (indqreee F) ueing %he e%aadard ca/ibratAon £x'on

i F_ %0 temperature for chromel-alIAllelthorlmco_aplee. So elch temperatuPe
:. yam corrected by converting the data logger temperature b_ck to EMF

"_-__ (lAlllvolte) _IAng the et4_dard calibration and then converting thlm

.. EMF %o tmperature uelng the Individual calibration by Xdaho Nuclear.

By hand, thlm in Iteel£ would involve r_ad_nl %wo plots (the etandard

ealAbratlon curve and the applicable individual calibration marve)
appro_tel7 iAO0 %Imee. One eubroutine, Ft_CTXON EMF(T), converto

data logger tmperaturee %o E_l another aubroutine, OOP/.CT,convertt

, %hit _ back %o temperature (air) utir_ the lndtvtdu_l calibration £or

_ the applicable thermoco_plee. Thie is accompllthed In etatemen:m 12

"] throu&h _ in APPeNd// 13.
4

Now the _7 aeeocia%ed with each calorLaeter cylinder le obtained

ueir_ accepted temperature% £or each cylinder dit_eeed in Seation
at

Thie it accampllehed in et,a%ments _O5, 215, and 225 in APF"P,_,_X_ for

_ the mN_r, _ddle, _ad £ar c¥11nderm, reepectlvel¥. .Subroutlne_I,ELT

-( then con_rte the AT to h_t_ rate (wtte/#lr_) ueing the apl_roprlate
4

_;'7 i
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ao

I proportionality in Table IV. The heatin_ rate o£ each cylinder is then

! " normaliTed to 60 _%:in ztatementa 2&O, 250, and 260. APP_IX C, the,/i

output o£ _hie program, is the reduced data for all calorimeter measurements
,t

made at _. ,

o 5.3 T_.._2_e£tj_r._e___i{eatinL _ati Acc_tance

l_ ' EJ_o_in_tionof the reduced temparaturea in APPEhq;IXC ehowe anormaloue

_emperature data with eome o£ the 12 calorimeter thermocouplee. A pair

0£ the_couplee le de£ined ae two ther_ocouplee at the eame end or the
_ _

,_, _. e_me calorimeter cylinder (:;eeFirure 2). APPEh_IX C ehowe large temperature

differences (euch as &2, 2&, _nd &6_F ,_tfull-in on _eptember 13) between

pairs A ' 3, 6 '._, _nd I0 _ 12 reepectlvely, for calorimeter positions neer

fuil-ln. Only part of thle temperature data can be accepted; therefore,

a llmt 0£ criteria are dlmcuemed for t.emperat.ureacceptance.

5, ], 1 -C£.i.teria_,ro_r_T._,_r.aturg. ,',c...9._t.._¢q

_r._itez:ipn1

',',_lent.he cmlorLmeter Am ourficAently near the core (1 e. between

0 and 15 Inchee £rom full-ln), "n " !_ _"}!£' _ere _ ie he_tln_ rate

(w_tt|/_,r_m),_nd %he e,,_ecrIT'en, m, and f refer to near, middle, and

far calorimeter c.vllndere,ree_ectlvel:...This m_ not be true at

die'_ncee treater than i_ Anches, _ec_,;eeof _uch thlnge am Increaelr_

co,_]exi+y in at,enua'lon reo_etrlee _nd an Increaelnr ratlo or eecondary

_ ?r_,mT" _ore r._rnn_e.

T

t

t
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5.3.1 (Cot,d)
•_ Criterion 2

i Where T to temperature, the gubocrlpto n, n. and F are t;,e
88mo e8 in Cr£terion l_ and the 8ubocripto h and c refer to hot and

• I c_d end of • cTlinder.

I Whom the calorimeter le bet_ 0 and 15 inchel From f_Ll-in,

cylinder| and Sisf i8 the J_no |lo_e bergen the aiddle and far cylinders.

I 7hio criterion _o 8uj_orted by plun Brook M[_ (Mock-Up Reactor)

munur_tot Reference 10p F£juroo 6-6. It aloe _£1 theoretical support,

I becauoe Functione uoed to ducrlbo f_oldo From a plane source ouch ae

1/r or El(b ) or E2(b ) in Rock_ll'| ohieldin_ nanual (Reference 11) all+l
Oatlef_ the| crlterlc_n.

Electrical In_oKrlt¥ - Each thermoco_ple should be intact

I electrically, i.e., there should be no abnorusl root|tance or lack or"

I continuitF.

I T_ Model - Me•cured tem_raturea should a_rn generall 7

with thoee calculated uoin(_ the TOSS model. Pr_loe _reement nat not

+

+
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o,,

be possible for several reasons. First, the film heat transfer coefficients

'_ chosen for the surfaces of nodes 50, 52, 5&, 56, 58-61, 71, 73, 75, and 77

......._,,- are somewtat uncertain. Secondly, an accurate knowledge of calorimeter
i ,t,

,/;!ii!i,, heat generation rate is dependent upon acceptance of only the reliable •

'i_I'__:_o thermocouples. Finally, the TO_,_model represents the middle calorimeter

:_:._ cylinder more closel7 than the near and far cylinders, which will experience
:_i_,_,,i'o

_,_'_ some end effects or assymetrles for the temperature distribution in the

re_ion of the cover plate into which they are inserted.

_ ' 5.3.2 Acce_ted Temperature Lata

_-: In the first attempt to accept only the reliable temperature

' d.%tait w_s thourht that in an_-pair of temperatures with large difference,

, o_' the the:nocouple with the high reading was in error, because its Junction

_: w_a not in good thermal contact with the aluminum cylinder. It would

therefore be hotter fnr two reasons: (I) there is a ion_er path for

conduction to ',hehea_,sink than exists for the aluminum cylinder and

(_) the _hermal condu_.tivlt7of the stainless steel is lower than that

for aluminum. "nder this hypothesis, the accepted thermocouples are:

Thermocou_le
C_vlinder }!o_End Cold End

=_j:. ;lea r 9 i0

t'.iddle 5 ' 7 6

Far 1 2 _-&

3

5-I0 I
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5.3.2 (Cent,d)
,|_s .|

And the co_espondinK temperatures on September :11 a. no _-in position

=_il_ ".l are (f, om APPEHDZXC) :• {

_ _ Corrected T,empera_t.ure(oF_
' _ Cylind.er Hot End ColdEnd

,::':_i/ Near 665 _7.:, • Middle 401 _0

Fez' _ 280 _ ':,:

Using Table IV, this yields heating rates of 4.9, 3.65, and 1.95 watts/p
o

_,--i for the near, middle, and far cylinder respectively. Plotting this on ",.

_ 8emA-log paper shows that this set of temperature data does not satisfy ',

c It.,io,3. ,, iii

.....:. _ ExamAnation o£ the 12 temperatures plotted as a l_nction of calorimeter ,',':.

_ distance from fU'Ll-in position on a given day proves to be valuable in

i_'_, temperature data acceptance. Figure| 4 and 5 a_e plots of the above

temperatures on September l_; the thermocouple number itsel_ i8 plotted.

Temperature8 have the e_ne behavior on other days. It ie seen fro_ the_e

figuresthattemperaturesfrom ther_ocouples2 and 4 are nearl7equal

at all calorimeterpositionn_the name is truewith pair _ & 7 ae would

be expected for all pairs. Pairs 6 & 8, and 9 & 11 show considerable

spread. Pairs i & _, _ lO & 12 _leo show conelderable_pread

(approximately50°F in each pairwhen calorimeteris near _ll-ln

position); but, in this cane temperatures fr_ ther_ocouplee 1 and 10
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5.3.2 (Cent'd)

_. are nearly equal at all calorimeter positions and so are temperatures from

thermocouples 3 and 12. It is concluded from this that thermocouples 1 z

and IO constitute a pair, and thermocouples 3 and 12 constitute a pair.

Here, recall that a pair is defined as two thermocouples at the same end

of the same cylinder. At this point there is still doubt as to which •

pair is to be associated with the hot end of the far cylinder and which

pair to the cold end of the near cylinder. But after satisfying

Criterion A as discussed in the next paragraph, it is seen that only

if pair 1 and iO is at the cold end of the near cylinder and pair 3

and 12 is at the hot end o£ the far cylinder can Criterion 3 be satisfied.
A

Electrical measurements, made by the PBRF '.':ANLTest Operations group,

of all 12 thermocouples are reported in Reference 12. Abnormalities are

found in _able 3 of this reference, where a comparison is made between

' (i) the resistance across the entire thermocouple, i.e., resistance from

chromel lead to alume! lead measured at the console in the containment

vessel and (2) the sum of chromel to ground resistance and alumel to

ground resistance measured at the same place. The latter value is

alwa:,sgreater than the former value, but for thermocouples 3 and iI

this difference is 15.8 and 31.2 ohms, respectively. Table V of this ""

document is taken from Table 3, Reference ii. It is seen that ""

m

L ?

I5-12
4
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}

o_ therzwoouplee 3 add 11 have _ch greater differences than the others.

Under a hypothesis that those differences for thern_cc_ples 3 and 11
do not belong to the population of differences for the other 10 therno-

t coupleu, it ia seen that at the 2 sigma level of eignAficLuce -1.59_

difference _ 8.25 ohms for the 10 thermocouplesj and the hy_othesie

i should be accepted with better than 95_ confide_ce,

+!:I After accepting thermoco_plee 1 and I0 as the psir at the gold

( end of the near cylinder, accsptir_ ther_couplta 3 and 12 as the pair

"1 at the hot end of the far cylinder, and not acceptin_ the data rroa

the_ocouplea 3 and Ii to satlefy Criterion A, it to seen that all
>

r_" remaining thermocouplae except mutber B can be accepted The, , i

.= ',_ temperaturefrom *.hen_ocouple8 i| hi,.herthan those I'roathermoco_ple|
I.
• i and i0, hence data from thenmoc,_upleB ie not accepted so that

! Criterion 2 will be satisfi_a. The re|ultlng temperature data uee_

to calculate heat generation rate te am roll.s'
i Calorimeter Accepted Thern|ocouFlee

Cylinder , Ho_ End __ED_ -

_ Near 9 1 _ 10
i

_ Ktddle 5 & ? 6

Par 12 2 & k

Temperature data f_m the above then_couple8 are ueed to calcula+.e

nuclear heating r.ateeam shown in APPE_)IX _ and AP?_%IX C.
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I
5.3.3 Acc_ted He&tin£. P_te l)at&

_xamlnation of AP|'_,3'IXC ehowa that the near and f_, cyllnderm ,.

_ive negative heatlnr rttea, when the cAlorLmeter Im _0 incheo frum 'he

full-ln;)one,ion, I, ie concludedthat he,_tin_ratel et ;0 inchemrr,,_

rull-ln ire below the monmitivit.v of thim calorimeter, _nd thlm _mi_Ion

Im not ui_ in the rerremmio;_ Lnilymlm to dete:_J_nm the nuclear heatin¢

rite dlm_ributi_n alonR the I_'-! MJ_i|,

5,1, ACe_l'.Ic.1'AnlJ_Xm_J

An ,LecurAc;,,anal.vmim ror thim eAl-rlmeter Im ri',mn in '.r,.r.ncm I,,

w_Ich ronllderm _II Ul_e.of'i.llh'iom,rrlo,in,,he _i,,,,i.e'.r lLr=ur'Ir.V,

,_Jttwo much _ncert_intiem were fo_md _o t,e ",_rri.r then e_mum_1 in

"eference 11, l_,rh uncertliinti.,ll pertein t,, the tmpere',iro det_,

Firm', 'he Indivldu_l ._libretlnne for ee_, 'h_n_,.n':r;* .re _,',"_,reti.

9n .l,_'r from r?mreren,-m'_, where_m, they were Jllm_to_il ,r, hi, _l,-_'ur_ito

tn *l,_*_ in _he ,rlrlnel ar_ure_y enelyeim, ',,,,nd, 'he 'eml,*-e_ure

ieeura_.y nr a *her_w_enuple oye, em em neeour_ by _he deta _nf¢i.r_n

'_ken to he ,l*r in the _e_ira_y _rt_IF|im, _'_i' rer*e'..d -._InCm _t

riv_ e_lori_'or I_,ei'l,|n (_:19:',_ %: _) mh_wm _},.me t.lr|mie;,_,i.m 'o _i.

_qrlite 'n *A °_ ll* 'he 2 mtr_ -enrld,m-e li.v,:. "}i, is rr_,,_.

e_m._ina'len nf Jill data loer.r trln',_i* e_ _e:nrlme'.r r_ei'Innm

heoweo_ lern er_t I,: Ire},e; fr_4_ _ll]-In, w_l-F nh,,ws 'h_' *he i.%r_e_-M
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1
t.e or leee tha_ 3"Y &pprc_3.IStO17 95_ of the tlJN, Table V1 |1yea all

I the he_t |e_larmt%on r_Le tmcert.&Lnt_ea ueL_¢ the +_1,0 Lnd +_6"T tmcerL.Lnttee

in thermco_ple _libration =_d date louer resdin4 re|peatively; the table

I mll_ I/yea eaIbined ealor_Ieter accuracy, 1'htl ,4.I the _ ae Table XX,

I, I Reterence 1), except for uee o£ the above w_eert.iLlnLiee in temperattu'e,
1'heee eeeuree/ee riur_e fill +6,1_ st. ? watta/p to +11_ at 0,2 watt|/|r6m,

I Me 8cn.rmG$ it. the 9_ eenTlden_e ItI.tt iI plott.Id in Yt/r_re 6,

?ha nuw_ll|ed nu,_t.oer hearths ra_e. are retted tn .qua, tree uetnf a

I ItOWLie linear rowroIaion ermputor rr*,_rLe, The equal|one have *he fr, mT

H(II) " ao i _1 | , aL_|_ , ale I f-r 0 .( II .. _IB [nehae

' I |fl)¢(ll) " t,n * ½|11 * F,211_ , hll 1 f,.r 1_¢ - | .L 10 tn,-hee

I |hH(7) " en , ely * _7 2 , ely) fnr _,_- ), ,_ _,_ tnehee
P(')" _n ' d;= ' _a"a ' d_,_

I vhere H [I the nu=le_r hoettn_ r_te (v,_taJ/_rLe),

| [I the dtlt&nea frnm the r_|l.,[n rmetttnn ([nehe|), I _I *h. t_-I

I UiI |n the eaee _1' the mtdd|o ealorLIwte_ _.¥]tndor0

' I y [I the hortenn_| line rerrefld[eu|ar ¢0 ,he eore vart[e_| eurfaee
[ntartee_J.f Ahe I_'-| iLIjn lit |or_ [flehol fr,_'_ t_J]l-[n.

' I 7 " -a,$ tn for _ho near _T|irlder0 0 |n_hoI f_r 'he mtddlao

eTltr_der , _nd _,_ [nehee fnr the far cylinder,

| *

..... " I

.1_

I
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t

x ia the col_trol rod bimk pomition (lnchel),

and 18 in¢hei il where _'(I) ehii_r_ei fro= approxlJ_tely it p_rabola to

&p_roxtmat ely Lrt exl;,onerttiil,

If a_ uf 'he tbove |,over= of the independent v&riib., ire

lnmiRnifie_nt ,he com_ter code vtll _lve no dependency on thl,

_-l_
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60 P.I&_LI_

R_t.I ire |Lyre1 for tht I_%i_ h_t$n4 d$1trSb_tLori, the heQtin_

i/irritation &l • f_tLon of motor e_trol _ be_nJtImlltioct, _ the

L" h_t:l_a l_ter rector mkmtdawn. The t©ew'&c¥ of th_bee ROeJI_OBOIILI I_rl

|_v_m &e • If_mqlt_o_ or n_elesr h_tt,_l rite.

,, _.I H_ttu_ [letrlt_%Ioc A'Lor_ _T-J_AJ_o..J_

•' _o re_roeei_m _17eii |lveo, for M(I) b@t_4Fon0 W 10 Le,ohoe from

r, ZZ-L,. t_ r.llwLRs _rw.tt._, for the It4mr._lO. aundr,r 071Lndore ,
L.*,

• rl)epect t rely,

. ,,(m) - _._]7 • (6._ , lo'a)m - (s.%_ j so'a), a • (z.kOS _ lO'_)m},

": P%(m)- 3,7_S , (_.6o__,lO'_)m - (I._o s lo-a)ma , (1,9_ • lO'_)mj,

'_ Mr(m) - 3.111 * ().I_A z lO-a)t - (I.1AI x lO'a)t a , (1._]1 z 10-_)m 1.

• Fir 11 s m_ )(3 lnehoe the rqrHl$o_ _lp[i |[veo_

l_,(m) - k._O_ - O._16s.

z_(t,) - ),_o_. o,_,_, • (z.zza • ;o-))m_.

)_f(m) - o.oo,_p_, (7._03 _ ;o'})n _ - ().716 • 10"_),3,
or

..(.).o,,ww._(-,an_.),

%(,) - _,.._[-.s_,. (s,**,, ,o-_),'J,
"r(')"s.o,_,no_[(7,,,o),so'}),'-().'_s6,,so-_,),PI.
Yt_ooe rtmetleno ire plotte,J In Irllr_eo ?-I0, t_oro tho daohed 1Lne_

Lr_teato the I_MtI of' aee_traey or the nmgmr_t at tho 95_[ confidence

_ml. Th_,ee e_tio_e rel_r_ont sll data t_en durl_ the e_le.
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6.3 H_t_t re. Sod _ ._ll;_on

,_ The reqireseton tnLlTIle give© the £ollovlrql ex_reeet_e for nucleIx

.... hl_itiM &l & f_nc_Lo(1 o£ rod _ peeL©Ion lPor the ne6r, iAddll, end raJ"

c711ndera, reepect/ve17, st I" O:

P_.(_)- )._ • O.O_ZO_- (5.876 x ZO-_)x).

t_(a) - 2.?83 • 0.06_ - (J.9_8 x zO'_)x3.

oi _ar(x) - 2._) • 0.0_6'7_ - (_._,_ x ZO"_)x3,

Theoo ire plotted _n ?14_re 12, _nd _t _i 0eem that tI_e msJLLI_ h_t_rtI

•" rite o©e_re it eJ_roIttlltel 7 the 23 _heh rod t_hk politLon, Here he_t_l

_ : rttes &rtl 5.00, 3,78, _ ),15 vet©S/Ill for the neexl iKddle| iJld fir
!

cylindere, reepectivel¥ et the f_ll-in polL©ion,
L

I_o h--tins r_to o. _IpteIber 1) bet_gen 11:_1 p.m, _nd 11:k9 p,n,,

2 he.re steer remetor Ihutdotm0 tel ,06_ vstt$/_ _or the ncmr ©7lind©r,

i 0,26 vattl/KI rot the II_Zo ©ylindor0 I_l nqative for the tar ©711rider,

Thie ie in the re.ion vhere th_ e_lorLmeter ey!_ndore ere ieeurite to

_he or@or of +I(X)(, Hence, _t _I eohcl_lded that lt/1_ h_l_t_rl_ &_er

ehutdow1_ from f_ss_on _'od.et de©_ 7 or eet_ve _eoto_e in _he e_lrro_ixldin41

medit te below the ieneitivit 7 of the a41oriJJeterI.
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_ 7.0 __ a NZOOm_._TION_
,%

The followiz_ conclusim_ and rtcQmmxtationm art lie.

1. T_tm caloriNter Lo _ble t_rtwtm_ 7 and 1.7 vsttm/p at an accuracx

of _15_Kor better It the 95_ coaf_dt_ce l_,el, tar accuracies at

•_10_ or better :Lt :Le uo_bla betwNn ? and 2.7 vatte/p.

2. The obJect:Lvll of thll oa_erLIidmt tare lccomplil_lod lUCCllll_t_lyp al

nuclear heatl_ in _re al_trnm val me_red to within _10_ or

bettor (75_ co_f:Ldeetee leTel) at poetttorlo betvoon O and 1_.5 inehee

fr_n rull-_n.

_, T_ t a recomldmded that the _tl_uei of rlXJclec" helt_lll :Lrl pure

al_alman _iven in this doew_nt be tleed For h'P-! vtth the accurac_

indicated in V:L_aro 6 t until f_rther Dealurommte are male.

k. f'urther nmiuronmnte eo_ld Lnq_ove the accuracy at ) watt|/_a to

• _ (9_ eonf:Ld_mce level) at beet by deeii_tn_ a ne_ ealor_eter

that _ld reduce the tenporature uncertalntteo to _1 to 1._eF.

_. If • nw ealorllldlter iS dee:Lit:ned eopper-conlltMitMi thermoemmplee

are recommnded for uoe :Lneteld or chroleJ+-al_l_ becauee there

+ e_ld t_l Ion _neortalnty by _.rtue of xroeter ZI_.

• _'. Aleo, if e nw eeloriamter ie ueed_ It ie recomended that t;le one

ueed in thie experimmt be die_eeembled and exaaLned _or eaueee
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of %he oa_louo %mmpera%u.,'edata, O%hem_ise, it.is rec_endod that

%hil calorimeter reign _n%ac% for fu%ure use.

7. The monmiLtY_t 7 of • now calort_ter can be ex%e_d_d to lo_r heatin_

ra%en, becauee the upper limit in the envelope of predicted nuclear

heating iu n_ only 5 vattl/gm plul 6.5_ or 5.33 watte/_ at the

95_ confldence level.
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APPENDIX A

o__ Typical Data Logger Printout

Attached is the data logger printout of September 13, which is

typical of data logger printout on the other days. Also included is

. the printout for the three sets of data on September 13 and 1A after

reactor shutdown. APPENDIX C lists all data from data logger printout

_ for each day at power except the standard deviation, sigma, associated

with each set of temperature data.
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o_,_,: APPENDIX C

!_, Reduced Data

: _i_ Attached is the outpu_ of the program given in APPEndiX a. This

li_ts all data from data logger printout (except standard deviation)

::_ and all data taken by Plum Brook WANL Test Operations personnel for

. the entire test.
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(_ As.o_cl41_L_mllo_
--_'--.... WAND-TM_-I?IO

Novlmber, 1967

TABLE II _.

TOSS Model Node D£menlion|

8.

. Outeid, Ineid, Lm_%h

i.

° : 1 0,197 0 0.0]

• 2-5, 9, i0, Ii O.ZW 0 0.02 i.

_. 6-a O.197 0 O.77 I
x2 o,xv7 o o.21 i.

13 o. 197 0 O.5O
,;

21 O, 197 0 0.002

_o o.O6= o o, 50

51 ,.,?I O,I_ 0.062 O,50

)2_,22 o.3_2 o.187 0,50 •

11 A,5] ,,'_) 0,&37 0,312 0.50 "

)k _,5& 0,562 0.&37 0,50

"5 '__ _. 75 0,687 0.562 0.50

_" ' 56 0,_12 0,687 0.50 .
t

_" & _7 t, 77 0,9)7 0._12 0,50 i

.... 1_IA,5_ 1,30 O,937 O.50 :

,, t9 P.59 1,g0 l.]O 0.50

_,0 ,.. 60 2.30 I,_"._ 0.,_0

41 P _l 2,_JO 2,30 0.50

j,;_ t, ¢_ 3.3125 2.SO O..SO

T-2



" WANL-TN_-I?IO
., Nov_M_r j 1967

TAg_ III

A1uam441_umThor'tM_Cond_ct_vq.t_, As

" A F_mct_on or Tin.rater,

Tmi_rmture Ther'J_l Conduct£_.ty

,. 200 O,566
o_ ' 250 0.561

273 O.563
•' .ICX) O.566

350 O.573
600 O.573
500 O. "
600 0.5_..
700 0 539! *

goo 0.525
900 O._m

4"

T-3



As;rociearLabxaloq
WANL-TME-1710 '
November, 1967

e*

TABLE IV
t.

Relationship 5etween Nucl_ He,%t:Ln_ _.

, _ Cllorlmeter AT From

j TOSS Temper&t_re _lltrlh_,_,ion _,

t
RelationahIp Betl,nn Nuclear Heatini_E&_, i.

_" and Calorimeter ._T (watt|/_m per "R of _T)

4.

_'_':_--" 0,2 "_ " - 1 .02626 .0262& .0259_j .02592

1 < )_ "_ 3 ,02613 .026&1 ,0259B .02615 ,t.

3 " _'S 5 ,02627 .02565 .02598 .02_96

-_ _' -¢ 6 .02513 .02,_95 .02611 .02_81

_' _:' ", ,02_50 ,02_Z7 .025&8 ,02611

e.

i.

: i

T-&



November,.1._7 i
]

_- TAB],._V 1
o

Thermoco_ple Resistance Meaoure,,ents

Reo£s_ance:
Reeistance Alulel to Ground

Fral Plus
• Chrolel to Al_lel _r_lel to Gr_ Difference

{o0uu) (ohm) Coluu)

2 646.2 _8.A 2.2

3 &37.2 65). 15.8

k &31. ) 632,7 1.6

---- . 5 A33. 6.'t?.9 6,9

6 631.9 633. 1.1

? 630. 638.1 8.1

_,25.3 626.? 1.6o

9 AA2,1 646.1 6.0

' 10 632.e 63&,6 1.6

1] A2_. 1 659.._ )1.2

12 A37. AAA.2 7.2

c



_ Astronuclear
Laboratory

,_ WANL-TME-1710 '"

November, 1967
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j

TABLE VI

Calorimeter Acct'cacy

At The 95% Confidence Limit ,_ 1

;__r " Nuclear Heat Generation Rate Measurememt Uncertainties (_), _ ,

[ As A Result of Uncert_a]ntiee in Each of the Lndicqted Parameters i
7

Heat Generation

Rate (wetto/_) 7 6 5 _ 1 .2 -,

[_,i ,' Spatia2 Heatin_ 0.681 0.702 0.9&8 0.903 O.526 6.18
Dist_-i_mtlon 7

Air Preeeure in n¢,_ligible -- -.
Cal_rimeter Cont_er

EinAeetvity of Aluminum 3.72 3.13 2.65 2.06 1.92 1.18 ..

,_ Thermal Conductivity 2.50 2.39 2.52 3.08 i.87 6.85 --

of Al_u_tnum ..

Dietance Between T/C'e O.&lO O.&lO 0./_iI O.&15 0./:21 O.A61 .

Thermocouple 0.975 I.ii 1.3& 2.23 6.70 33.5 _.
Calibration

_ata Lo_er 3.18 3_72 &.A6 7.&4 22.3 111.2 A.

• Reactor Power 1.0 1.0 1.0 1.0 1.0 1.0 ..

Calorimeter Cylinder 2_3 2.3 2.3 2.3 2.3 2.3 _'
Poeition

Comhlned Calorimeter 6.16 6.12 6.53 9.00 23.6 117.

Accuracy _i"

o,

T,
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